SUMMARY Cardiac hypertrophy induced by thyrotoxic stress leads to an increase in the rate of force development, velocity of shortening, tension-dependent heat generation, and myosin ATPase activity. We did studies to see whether alterations in covalent phosphorylation of myofibrillar proteins correlate with these changes. The protein preparations were isolated from control and thyrotoxic hearts of male albino rabbits freeze-clamped in situ. We measured myofibrillar ATPase, and the covalent phosphate content of ventricular myosin 19,000 (mol wt) light chain (P-light chain) and troponin I (Tnl). The myofibrillar ATPase activity was increased 2-fold in the thyrotoxic preparations with no change in the level of myofibrillar phosphorylation. The covalent phosphate content of Tnl was 1.21 ± 0.09 mol P/ mol Tnl in control hearts and 1.14 ± 0.04 mol P/mol Tnl in thyrotoxic hearts. The covalent phosphate content of the light chain fraction was 0.41 ± 0.06 mol P/mol P-light chain in control hearts and 0.37 ± 0.04 mol P/mol P-light chain in thyrotoxic hearts. The dependence of the normalized myofibrillar ATPase on free calcium concentration was the same in control and thyrotoxic preparations. Thus the mechanical, thermal, and biochemical changes found in hearts from thyrotoxic animals probably occur with no change in phosphorylation of Tnl or myosin light chains. Circ Res 48: 498-501, 1981
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Thyrotoxic Rabbit Hearts RAYE Z. LITTEN, III, BARBARA JILL MARTIN, ELIZABETH R. HOWE, NORMAN R. ALPERT, AND R. JOHN SOLARO SUMMARY Cardiac hypertrophy induced by thyrotoxic stress leads to an increase in the rate of force development, velocity of shortening, tension-dependent heat generation, and myosin ATPase activity. We did studies to see whether alterations in covalent phosphorylation of myofibrillar proteins correlate with these changes. The protein preparations were isolated from control and thyrotoxic hearts of male albino rabbits freeze-clamped in situ. We measured myofibrillar ATPase, and the covalent phosphate content of ventricular myosin 19,000 (mol wt) light chain (P-light chain) and troponin I (Tnl). The myofibrillar ATPase activity was increased 2-fold in the thyrotoxic preparations with no change in the level of myofibrillar phosphorylation. The covalent phosphate content of Tnl was 1.21 ± 0.09 mol P/ mol Tnl in control hearts and 1.14 ± 0.04 mol P/mol Tnl in thyrotoxic hearts. The covalent phosphate content of the light chain fraction was 0.41 ± 0.06 mol P/mol P-light chain in control hearts and 0.37 ± 0.04 mol P/mol P-light chain in thyrotoxic hearts. ALTHOUGH acute changes in inotropic state of the heart have been shown to be associated with changes in myofibrillar protein phosphorylation (Solaro et al., 1976; England, 1976; Kopp and Barany, 1979) , it is not known whether chronic changes in cardiac function also involve alterations in myofibrillar protein phosphorylation. We have studied this question using thyrotoxic rabbits. Muscle preparations from thyrotoxic hypertrophied hearts show an increase in the rate of force development, velocity of shortening, tension-dependent heart generation, and myosin ATPase activity (Morkin, 1979; Alpert et al., 1979) . Most likely, the mechanical and thermal alterations are, in part, the result of the increased myosin ATPase, and there is evidence that the change in myosin ATPase may be caused by the synthesis of myosin isozymes (Hoh et al., 1977; Morkin, 1979 ). Yet the possibility exists that alterations in the covalent phosphate content of myofibrillar sites as seen in the acute studies may be associated with the altered biophysics and biochemistry of the thyrotoxic heart. In vitro and in situ studies indicate that the probable candidates for these sites of phosphorylation are troponin I (Tnl), the inhibitory component of the troponin complex, and the P-light chain (mol wt 19,000) of myosin (Cole et al., 1978) .
In work reported here, we freeze-clamped control and thyrotoxic hearts in situ, isolated myofibrils, Tnl, and myosin light chains under conditions which prevented phosphoryl group transfer (Holroyde et al., 1979a) , and measured levels of protein phosphorylation and myofibrillar ATPase.
Methods

Animal Models
Cardiac hypertrophy was induced in male albino rabbits (1.6 to 2.4 kg) by 14 daily intramuscular injections of 0.2 mg/kg body weight of L-thyroxine. Paired controls were sex-and weight-matched with the experimental group at the onset of the injection period. At the time of death, the rabbits were anesthetized with an intravenous injection of sodium pentobarbital, 30 mg/kg, and immediately intubated with an endotracheal tube. The chest was opened and widely retracted during positive pressure ventilation, and, after 5-10 minutes, the heart quickly was positioned for freezing with clamps at the temperature of liquid nitrogen. Electron micrographic measurements showed a 2-fold increase in the diameter of the myocytes from the hypertrophied thyrotoxic heart (unpublished data).
Preparations
The cardiac myofibrils and myosin light chains were prepared as follows: The frozen ventricles were pulverized and homogenized for 30 seconds at full speed in a Sorvall Omnimixer in 30 ml ice cold myofibrillar extraction buffer (70 HIM NaF, 50 mM KH 2 PO 4 , 5 mM EDTA, 20 mM imidazole, pH 7.0). We have shown previously that this extraction buffer permits the isolation of myofibrils and myosin light chains with no change in the level of light chain phosphorylation (Holroyde et al., 1979a) . Subsequent unpublished studies show that there is no change in myofibrillar Tnl phosphorylation, so that the method can be used to extract myofibrils with in vivo levels of both Tnl and P-light chain phosphorylation. Myofibrils were isolated as previously described (Holroyde et al., 1979a) using Triton X-100 to remove membrane contaminants (Solaro et al., 1971) . Myofibrils used in ATPase measurements were washed three times by centrifugation and resuspension in 20 mM KC1, 30 mM imidazole, pH 7.0, 3 mM MgCl 2 . Myosin light chains were isolated from the myofibrillar preparations as described by Holroyde et al. (1979a) . Tnl was isolated from the frozen ventricles and myofibrils as described by Solaro et al. (1976) . The frozen ventricles were homogenized for 30 seconds in a Sorvall Omnimixer in 9 M urea, 75 mM Tris-HCl, 1 mM CaCl2, and 15 mM /?-mercaptoethanol, pH 8.0. The Tnl was isolated from the urea homogenates using Sepharose-TnC affinity chromatography as previously described (Solaro et al. 1976 ).
Assay Procedures
Levels of covalent phosphate in light chain fractions and Tnl measured on the trichloracetic acid (TCA) precipitated and washed Tnl and light chains. Nitrogen and phosphorus were determined in triplicate samples. After being washed with TCA, the proteins were digested at 160-180°C in 0.5 ml of 10 N H 2 SO 4 and decolorized with 30% H 2 O 2 . The digested protein was brought to 1 ml with deionized water. One-half ml was taken for nitrogen determination (Solaro et al., 1976) and the remaining 0.5 ml was mixed with 1.375 ml of water and 0.625 ml of a malachite green phosphate reagent (Itaya and Michio, 1966) . After 5 minutes, we added 30 jul of 1.5% Tween 20 to the solution and measured absorbance at 660 nm.
Myofibrillar ATPase was measured at 30°C in 35 mM KC1, 30 mM imidazole, 4 mM MgCl2, 2 mM Na 2 ATP, 1 mM EGTA, pH 7.0. CaCl 2 was added to achieve free calcium concentrations between 10~8 and 10~3 M. The myofibrillar protein concentration, determined by the Biuret procedure (Goa, 1953) , was 0.5 mg/ml in the incubations. Reactions were started by addition of the ATP and stopped by addition of HC1O 4 at a final concentration of 6.67%. The precipitate was removed by centrifugation and the inorganic phosphate determined by a modified Fiske-SubbaRow method using a Technicon Autoanalyzer. Free calcium concentrations in the myofibrillar incubation mixtures were established as previously described (Maughan et al., 1979) , using a program for the iterative solution of the multiple equilibria (R.E. Godt, personal communication).
Curves relating free Ca ion concentration to myofibrillar ATPase were obtained from fits of the experimental data using a form of the A.V. Hill
]")} X 100, where % ATPase is the percent myofibrillar ATPase at 2 X 10~4 M calcium, the brackets denote free calcium concentration, and n and Q are constants. Values of n and Q were derived from a nonlinear least squares fit of the data (J. Fischl, personal communication). Initial values of n and Q used in the program were obtained from regression of the linearized form of the Hill equation (Maughan et al., 1979) .
Results and Discussion
In Figure 1 , we show results of experiments in which we measured the relation between free [Ca 2+ ] and ATPase activity of myofibrils isolated from freeze-clamped control and thyrotoxic hearts under conditions in which we would expect no protein phosphorylation or dephosphorylation. At saturating free [Ca 2+ ], the ATPase activity of myofibrils isolated from thyrotoxic hearts was about twice that of control myofibrils. Although this increase was somewhat less at lower free [Ca 2+ ] concentrations, the thyrotoxic myofibrillar ATPase was significantly higher than that of control myofibrils at all free [Ca 2+ ] concentrations. In Table 1 , we show results of our measurements of the covalent phosphate content of Tnl and myosin light chains from control and thyrotoxic myofibrils. Levels of phosphorylation of both control and thyrotoxic Tnl were approximately 1.0 mol P/mol Tnl. We obtained 1 mol P/mol Tnl whether the Tnl was isolated directly from urea homogenates of the frozen heart powder or from the myofibrillar preparations. This is essentially the same Tnl phosphorylation obtained with isolated working perfused rabbit heart beating under basal conditions (Solaro et al., 1980 Values are given as means ± SE and number of preparations is shown in parentheses. There is no significant difference between the control and thyrotoxic values above.
* Levels of Tnl phosphorylation were computed using a molecular weight of 23,550 for Tnl and 16% as the nitrogen content.
f Determined from densitometric scans of SDS-polyacrylamide gels. £ Levels of P-light chain phosphorylation were computed using a molecular weight of 19,000 for P-light chain and 16% as the nitrogen content. levels of P-light chain phosphorylation of control hearts were not significantly different from those of thyrotoxic hearts. Banerjee et al. (1976) arrived at a similar conclusion in their study of cardiac myosin phosphorylation, although no precautions were taken to inhibit dephosphorylation during extraction of myosin. Consequently, Banerjee et al. (1976) showed that, although the Ca-ATPase activity of thryotoxic myosin was twice normal, both control M free calcium were taken as 100% ATPase. Both sets of data can be approximated with the sigmoidal Hill relationship (Maughan et al., 1979) with the constants n = 1.03, Q = 2.39 X 1CT 1 for control preparations, and n = 1.32, Q = 4.28 X 10~3 for thyrotoxic preparations. An unpaired t-test of n and Q derived from curves which were fitted to data points from individual myofibrillar preparations shows no significant difference (P > 0.2) between control and thyrotoxic values. and thyrotoxic myosin preparations were essentially free of covalent phosphate, as judged by the mobility of myosin light chains in alkaline urea gels. Our study shows that myosin light chains are partially phosphorylated in control and thyrotoxic myofibrillar preparations. Our finding of partial phosphorylation of in situ myosin light chains agrees with our previous report (Holroyde et al., 1979a) and those of others (Kopp and Barany, 1979; High and Stull, 1980) for perfused hearts beating under basal conditions. The magnitude of the basal phosphorylation is, however, higher than that reported by Kopp and Barany (1979) for rat heart (0.10 mol P/mol P-light chain) but essentially agrees with that reported by High and Stull (1980) for rat and rabbit hearts. These differences may result from the fact that, in the study by Kopp and Barany, rat hearts were cooled in saline rather than freeze-clamped at the temperature of liquid nitrogen.
Our results so far show that the increased myofibrillar ATPase of the thyrotoxic myofibrils occurred with no change in covalent phosphorylation of either Tnl or myosin P-light chain. Since our myofibrillar preparations were of defined state of phosphorylation, we wished to examine whether there were alterations in the sensitivity of the thyrotoxic myofibrillar ATPase to free [Ca 2+ ] independent of the phosphorylation of Tnl and P-light chains. We did this by normalizing the data in Figure 1 to peak myofibrillar ATPase for the control and thyrotoxic preparations (Fig. 2) . The relations between percent peak activity and free calcium could be approximated with Hill constants (see Methods) of n = 1.03 and Q = 2.39 X 10~7 for the control preparations and n = 1.32 and Q = 4.28 X 10~9 for the thyrotoxic preparations. An unpaired comparison of n and Q values, derived from curves that were fitted to data points from individual preparations, showed that there is no significant difference between control and thyrotoxic curves (P > 0.3). Furthermore, the free calcium concentrations required for half-maximal activation are essentially the same for both preparations (3.87 X 10~7 M for controls; 4.57 X 10~7 M for thyrotoxic). Thus the calcium sensitivities of the myofibrillar ATPase from the control and thyrotoxic preparations are identical. This provides additional evidence for the similarity of the troponin system from the control and thyrotoxic preparations, and for our conclusion that myofibrillar Tnl phosphorylation does not change with thyrotoxicosis. Had there been a difference in Tnl phosphorylation between control and thyrotoxic myofibrils, we would expect to see a difference in half maximally activating free [Ca 2+ ] concentration (Ray and England, 1976; Holroyde et al., 1979b) .
The most important conclusion of our studies is that altered protein phosphorylation probably does not account for the well-known increase in developed force, velocity of shortening, tension-depen-dent heat generation and myosin ATPase associated with preparations from thyrotoxic hearts. Thyrotoxicosis resulted in an increased cardiac myofibrillar ATPase at basal and maximal levels of [Ca 2+ ] activation with no change in covalent phosphorylation of either Tnl or the P-light chain of myosin. Thus the increased myosin ATPase, which probably accounts for the biophysical changes of the thyrotoxic heart, appears not to involve altered Plight chain phosphorylation. Therefore, our result implies that thyrotoxicosis results in a fundamental alteration of the myosin molecules or the synthesis of a new myosin isozyme.
